Chisnell's method of shock propagation is generalized for the case of inhomogeneous -gravitating gases. The relation between shock strength and initial pressure is derived to the first approximation, using polytropic index as parameter. The strength of a shock wave, which is generated near center and progresses outwards, increases rapidly, being proportional to some inverse power of pressure near the surface. Applying the results to the Eddington :model, some speculation concerning the origin of nova explosion is made. § 1. Introduction Although many papers have appeared which treat the problem of propagation <of shock wave or detonation in fluids, especially in ideal gases, most of them are concerned with homogeneous medium. As for the case of inhomogeneous one for which physical quantities (density, pressure, etc.) are functions of position, for example, gas under a gravitation field, it would be said that almost nothing has been investigated. This case could also be studied in principle, and the variation of shock strength with position would be calculated by the method of characteristics.!) However, this is extremely cumbersome, and it might be difficult to treat without an electronic computer. Then, it becomes a requisite problem to find a method which can gIve the overall picture of the shock propagation even approximately.
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The following two methods may be considered for the approximate solution: The method of similarity solution and that of infinitesimal discontinuity. The first has been used by many authors for various problems: Taylor2) derived the solution of blast waves, and soviet hydrodynamists 3 ) are performing extensive studies along this method. * Though the solutions by this method are exact, this method suggests only the possibility of existence of such solutions. It does not seem clear what approximation they adopt for the given problems. ** In the second method, the inhomogeneous fluid is divided into layers by infinitesimal contact discontinuity surfaces, and the incident shock wave is reflected by and refracts (penetrates) through these surfaces. Using this method, ChisneW) discussed the propagation of shock wave through one-dimensional gas, having a finite layer in which density increases but pressure is constant. * In his first approximation, where double reflection of reflected waves is neglected, the strength of penetrating shock wave happens to depend only on density itself, but not on its spatial distribution, while, in the second approximation, which takes into account double reflection, the latterdependeRcy does appear. Adopting a special density distribution, Chisnell showed that the second approximation is sufficiently correct, i.e. it substantially coincides with the case at a distance, when the whole increment of density occurs on a sheet (finite contact discontinuity). Moreover, it was shown that the first approximation has a certain discrepancy at high density. Though the calculation of the second approximation becomes considerably complicated, the method is very intuitive, and it seems suitable to get a general survey of various problems even with the first approximation only. As stated above, Chisnell treated only the case of constant pressure (ordinary contact discontinuity). Since; however, pressure also changes in general inhomogeneous gases, it is necessary to extend this method to general cases. Now it becomes more and more important in astrophysics to treat the problem of shock relations and shock propagation in stellar interior and interstellar matter. The main subject of shock relations is to consider the effects of radiation and magnetic field, and many studies are being performed along these lines. 5 ) As for the propagation, there is a series of studies by Kopal 6 ), Sedov 7 ) and· others in connection with nova and supernova explosions. However, all of them used the similarity solutions, and merely show the possible existence of such solution, as mentioned above. Kopal 6 ), for instance, sought the shock wave propagating wjth constant Mach number, but it cannot be considered generally that the shock wave generated in stellar interior propagates with constant strength. What we require is to make the question clear: With what strength the shock wave internally generated propagates and arrives at stellar surface? When this problem is answered, it may be possible to connect the internal nuclear reactions with surface phenomena of nova and supernova. Hayakawa et al. B ) estimated the initial expansion velocity of supernova with the assumption that the shock wave was generated with the strength determined by the ratio of surface and center pressures. However, such estimation cannot be regarded as well grounded.
Thus, it may be said that the problem of shock propagation in inhomogeneous gases is yet ahnost untouched. in hydrodynamics as well as in astrophysics. The aim of this paper is to generalize Chisnell's method to get a formula for the first .approximation in the case of general inhomogeneous gases, and then to find the way to application or estimation in various astrophysical problems. In § 2, Chisnell's method is briefly described to the first approximation, and this is generalized in § 3. The calculated results for several poly tropes are compared
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III § 4, and using these results, some astrophysical application or speculation is made in § 5, especially concerning the Eddington model.
Of course, there are many limitations, when we apply the results here derived to astrophysical problems. First, we take only the first approximation, which neglects double reflection and reflection from the base (center). To what extent this is correct is determined only by taking second approximation in each case. Secondly, the formula is exactly applicable only to one-dimensional cases because we did not take into account the damping of spherical wave. Further, the method treats stationarily generated shock wave, and strictly speaking, it is not applicable to shock pulse, i.e. the case of instantaneous explosion. Lastly, we deal here only with ideal gases. In order to be applied to stellar interior or interstellar matter, the effects of radiation and magnetic field must be considered.
We have a program of investigating these subjects to be carried out in near future. Nevertheless, it seems worth while to publish the present results to get more justifiable estimation in astrophysical problems, because at present we have only poor knowledge about the shock propagation. § 2. Chisnells' method As stated in § 1, Chisnell divided the layer of variable density and constant pressure into layers with infinitesimal density jumps, and considered the reflection and penetration of a shock wave at these jump positions. In Fig. 1 , on the dotted line between states 1 and 5 exists the initial infinitesimal density jump dp, I.e. 3 4 (2·1)
An incident shock wave in the gas of state 1* generates at the jump position (1,5) a reflected wave (2,3),** penetrated shock wave (5,4) and discontinuity surface (3, 4) . On both sides of the contact discontinuity, fluid velocities u and pressures p are equal. are imposed. 9 ) Next, when we represent the strength of the shock wave (compression or rarefaction wave) by the ratio of the pressures before and behind the * Behind the shock wave, the state of gas changes from I to 2. In this meaning, we denote· this shock wave as (1, 2) . For the reflected wave and discontinuity line we use the same notation. We can also represent the waves by their strength, i .. e. %12' See the following.
** This is a compression or rarefaction wave. *** U 1 =U6=O, when the gas is initially at rest.
wave, the difference of strength between incident shock Z12 = P2/ PI and penetrated shock Z54=P4/h must be infinitesimal,
Therefore, the strength of reflected wave Z23 is nearly unity. * Physical quantities before and behind a shock wave are connected by RankineHugoniot relations, which are represented for ideal gases (e.g. for (1,2» by where
}.2= r-1 .
U is the propagation velocity of shock and r the ratio of specific heats. The plus sign in (2·6) and (2·7) applies to forward facing waves. Though reflected waves are in general not shock waves, the above relations also hold as far as the second Qrder in z-l. Now, from the conditions (2·2) and (2·3), we get
When we introduce (2 ·1), (2·4) and (2·9) into these formulae, and take the first order terms in dp and dz, we obtain 1 dp
PI dz
Qr by integration 2 1
Here A is an integration constant to be determined by initial strength. From (2 ·13) and (2 ·14) we know the strength of shock at a given density.
* %=1 corresponds to the strength zero. ** P and % are taken instead of PI and %12. § 3. Generalization of Chisnell's method
When we consider a gas at rest under the action of gravity, where pressure as well as density changes, we must extend the condition for contact discontinuity in § 2.
In the first place, . in order that the condition of contact of gas is to be satisfied, the velocities on both sides of discotinuity surface must be equal. Thus the condition (2·2) generally remains appropriate. The question then is how to generalize the condition (2·3) to the case of non-uniform pressure.
We now consider that the gas is in equilibrium under an arbitrary mass force f(x) .* 1 dp
, , Then, the pressure difference ilp across the thickness Llx (Fig. 2 ) becomes as follows:
Llp= -pf(x)Llx.

Introducing the mass included in this thickness
Llm=pLlx,
we get
On the other hand, the layer after the penetration of shock includes the same mass LIm as before, and the position of the layer does not change at the instant of penetration, and moreover, there exists no acceleration of the layer because of the relation Ua=U4. Thus the right-hand side of (3·2) is also equal to P4-Pa:
P4-Pa= -f(x).:1m.
As the result, the following relation holds instead of (2·3) : (2 ·10), and taking only the first order terms in dp and dz, we obtain after all
P5-Pl=P4-Pa(=Llp)
Chisnell's case (2 ·12) corresponds to k=O (isobar), which can be easily seen by putting k=O in (3·7).
Integrating (3·7), we can get the relation between p and z. It is remarkable that this relation does not depend on the character of gravitation field f(x), but on the initial distribution, that is, on the polytropic index k, as parameter. The differential equation (3·7) cannot in general be integrated in an explicit form, except for isothermal case k= 1, which gives
Here A is again an integration constant given by the initial strength. § 4.
Results of integration
Here we describe and compare the integrated results for the following cases: k=l (isothermal), 4/3 (corresponding to the Eddington m9del) and k=5/3 (adiabatic). As for r we take the value 5/3 of one atomic gas cQrresponding to stellar interior. In Table I and Fig. 3 , we show the relations between shock strength z and initial pressure p, where the integration constant is so determined that at pressure Po the incident shock strength Zo is 2.2.
* When we put .dp~, we obtain the formula (2·3) again. When the relation of other incident strength zo' is desired, it can be obtained by the parallel shift of the curve Zo as far as z becomes zo' at p/Po=l, (see Fig. 3 ).
This IS because of the following situation: We write the formula (3·7) in the form
where 'f is the right-hand member of (3·7). Integrating and determining the constant so that Z=Zo at Po, we get
where
(a is arbitrary). From Fig. 3 , we see the strength increases rapidly as pressure decreases, but the degree of increment differs among different k's; it is the least for isothermal d.istribution and the larger for larger k . For z;}> 1, we get from (4· 1) Conversely, when the strength of generated shock wave is infinitesimal, i.e. z nearly equals to one, it follows that
This means that z = 1 is attained only at infinite pressure. In other words, sound waves generated in stellar interior, where pressure is enormously large but finite, cannot grow up to shock waves.
As the result of increasing strength from center to surface, density, temperature and fluid velocity after the shock also increase considerably. These results will be discussed in relation to the Eddington model in the next section. § 5. Application to astrophysics
Here, using Eddington's standard model, we discuss more closely the propagation of shock wave which has been generated in some way in stellar interior. As is well known, this corresponds to the poly trope of k=4/3 and is the solution of Lane-Emden equation of index 3 10 )
with the boundary condition 0=1, dOld¢=O at ¢=O. Now we consider a shock wave of strength Zo being generated at r= ro of the standard model, and propagating outwards. Then we can get the strength z (rl), when the shock arrives at an arbitrary point rl, by the following procedure: Determine PI (rl) I po (ro) from the standard model solution, and take the corresponding value ZI (PI) from Table I of the foregoing section. ZI (PI) being thus determined, all the physical quantities behind the shock wave can also be gained by using (2· 4) ~ (2·6). For example, the ratio of temperatures behind and before the shock wave is
Taking the temperature of the standard model at rl as T 1, it follows (T/T.) behind shock= (TIT.) standard modelXr.
In Fig. 4 , the values of the physical quantities are shown for the following three cases. * Suffix c represents the value at center. ** qo is the mass ratio included in the radius roo 
T=65X10 B OK
p=25 gr/cm 3 u=3.9X 10 9 cm/sec.
The propagation velocity of the shock increases from Uo=2.1 X lOB cm/sec at ro to U1 = 5.1 X 10 9 cm/sec at r1 and the time required for the propagation is about five sec. Thus we see that the temperature and the expansion velocity near the surface become fairly large. The limitations noted in § 1 will change the values appreciably: Double reflection will strengthen, spherical damping and radiation loss (especially near surface) will weaken the shock. Nevertheless, these results might be applied to the stellar explosion phenomenon as the first approximation. If some .core instability induces the shock waves in stellar interior, they are exaggerated more and more as they progress outwards, and at last, it could be possible that instantaneous nuclear reaction could take part in near the surface. From these considerations it would be speculated that nova explosion, which has hitherto been considered as occurring near the surface, might be triggered by shock waves generated in interior. As for supernova explosion, it is possible that nuclear detonation would proceed through envelope because of the high temperature behinq shock wave. This will cause the explosion more violently.
